The concept of the equalization of atomic electronegativities accompanying molecule formation is applied to a study of the electronic structure of polyhedral clusters of main-group atoms such as Ge, Sn, Pb, TI, and Bi. Emphasis is placed upon charged clusters such as Sn9-,Pb:-(x =0+9), Sn+,Ge;-, Sn8-= Pb,T15-, Sn,Bii-, SnTei-, etc. The role of the relativistic spin-orbit splitting of an np shell into np,,, and np3,, subshells in modifying atomic and hence molecular electronegativities is discussed. Correlations are made between calculated charge distributions and observed'99 Sn NMR chemical shifts for clusters of a given size and charge. It is concluded that a useful picture of charge distributions in these clusters may be obtained from electronegativity equalization considerations.
Introduction
In a recent paper [l] we presented the results of our studies of the electronic structure of charged polyhedral clusters of Ge, Sn, Pb, and Bi atoms using our relativistically parametrized extended Hiickel (REX) method [2] . The clusters considered included Ge:-, GeG-, Sn:-, Snz-, Snd-, Pbz-, Pb:-, Bi$+, the heteronuclear clusters PbSn:-, SnGei-, GeSn:-, PbSni-, TlSni-, and the exopolyhedral cluster CH3Pb;-. The study included a discussion of the limited charge dependence of atomic electronegativity as implied by our REX parametrization. The role of relativity in modifying the charge dependence was briefly discussed. In the present study we shall explore in some depth the relationships between relativity and the charge dependence of electronegativity. Again our focus will be upon clusters of main group elements, although the approach will be empirical rather than semi-empirical.
Variation of Electronegativity with Charge
The electronegativity x of a chemical species, atomic or molecular, has been defined [3] as the negative of the electronic chemical potential p, the latter being the derivative of the energy E with respect to the number of electrons N , so that
X ( W = -A N ) = -(aE/dN)", ( 1 )
where the subscript u denotes the constancy of the potential. It should be emphasized that N for an isolated species is a discrete rather than the continuous variable implied by Eq. (l) , although in applications to atoms or fragments which are a part of an extended system (molecule) it is taken to be continuous.
The chemical potential p is the same as that appearing in the Fermi-Dirac distribution for the electrons, Ni = l/[e'''-@"'kT + 11, (2) where Ni is the number of fermions ( O s N i s 1) in a single-particle state with energy ei and k is the Boltzmann constant. The requirement that the sum of the Ni be constant may be used to determine p , which is typically a slowly varying function of T.
Rather than assuming the total energy of a species to be a quadratic function of its total number of electrons, as done by Iczkowski and Margrave [4] as well as by others, we first consider a more general polynomial representation,
where both E and N are taken to be zero for a neutral species, so that N represents the electron excess (positive for an anion, negative for a cation). Thus The data used are the ionization energies [ 5 ] , (IE), of 9.81 and 7.29 eV and the electron affinities of 0.80 and 0.947 eV for As [6] and Bi [7] , respectively. We note that while the experimental energies of subshell structure, so a quadratic fitting to the energies of Bi', Bi", and Bi-, differing in the occupancy of the destabilized 6~~~~ subshell, underestimates the energies of Bi2+ and Bi3+, which involve removal of electrons from the spin-orbit stabilized 6~112 subshell. The corresponding effect in the 4p shell of As is negligible by comparison. If a cubic term in N is included in Eq. (l) , and fitted using the energy of A'' in addition to that of A', A', and A-, the cubic coefficients for As and Bi are +0.03 and -0.51 eV, respectively, the size of the coefficient for Bi reflecting the inadequacy of a quadratic form over a large range of N . For small ranges of N a quadratic form should be adequate even for a heavy element, provided that the form is fitted to points in the range for which it is to be used. Thus for obtaining the variation of the energy of Bi with respect to the 6~112 occupancy the energies of Bi3+, Biz+ and Bi' should provide a good description, namely a polynomial with coefficients a' (constant) = -0.18, a l = -3.09, and a 2 = 3.25 eV. This form, however, assigns values of -0.18 and -0.02eV to Bi" and Bi-, respectively, and so should not be used for these species involving 6~3 1 2 occupancy.
In Table I we present values of the linear and quadratic coefficients a1 and a 2 as obtained from IE and EA data [5-81 for a number of elements including those of interest in this study. All values are thus fitted to free-atom energies for A', A', and A-, whose charges span the range of. the average charges per atom ( q / n ) in the clusters of interest, such as S&(-1/2), Sn9-,Pb:-(-4/9), Bi2'(+5/9), etc. Data from Ref. [6] except for B, Al, Pb, and Bi which are from Ref. [7] . Uncertainties -in the last figure given in parenthe\es.
Average-of-configuration IEs from Ref. [8] . 'Data from Ref. [7] .
Electronegativity Equalization
The concept that if two or more species of generally different electronegativity x join to form a composite species there results a common new electronegativity has been expressed many times [3, following the ideas of Sanderson [12] . The feature that all parts of the composite species have the same electronegativity corresponds [3] to spatial uniformity of the electronic chemical potential p. A simple model for the electronegativity of molecules is that based on the equalization of charge-dependent free-atom electronegativities. Ray et af. have applied this mode [lo] to a large number of diatomic and polyatomic molecules, while
Reed [ll] has discussed its limitations. The model in its usual form ignores homopolar bonding effects, so that HZ and H would be assigned the same p and hence x. However, Reed has pointed out that if the effects of bonding energies are small compared to the total valence electron energy, then the equalization of atomic electronegativities corresponds approximately to the minimization of molecular energy, thus justifying the use of the model. In this paper we present its application to a number of mixed main-group cluster molecules, both neutral and charged.
Consider a molecule consisting of n l atoms (or groups) of type 1, n2 of type 2, etc. We assume that the molecular energy E is additive,
where the energy Ei of atom i is some function of the number of electrons Ni on that atom and the summation is over atom types. The {Ni} are taken to be zero for neutral atoms, as is the molecular total N , given by
As in the previous section we take the { N i } to be continuous variables, so that minimization of Eq. ( 5 ) subject to constraint Eq. (6) by the Lagrange method is equivalent to minimizing E ' = E -p N , leading to the set of equations
If each Ei has the polynomial form of Eq (1) but is limited to terms no higher than quadratic, then
where a ; and a ; are the linear and quadratic coefficients of Ni in Eq (1) for atom i. Using Eq. (6) one obtains Thus p (or -X ) may be calculated from the atomic parameters { a ; } and { u ; } , the numbers {ni}, and the molecular charge q = -N. Values of the {Ni} and E are then readily obtained using Eqs. where Ni -NP is the difference between the number of electrons on atom i which minimizes the molecular E for fixed N and the number which minimizes it for variable N.
Although the parameter p follows from the constraint of constant N in Eq. (6), its value is readily related to the variation of E with respect to N . We first note that El, within the quadratic approximation, may be expressed using Eq. 
i12b)
The relationships in Eq. (12) The preceding relationships are similar to those of Ray et al. [lo] in their charge transfer model of electronegativity equalization. Our formulation is for arbitrary N, not just zero. However there is an added uncertainty as to the significance of the model when it is applied to a charged molecular species. Some examples of the effects of counterions are given in the next section. Finally, we note the particularly simple form for the { N , } as given by Eq. 
Applications to Main-Group Clusters
We now consider the application of the electronegativity equalization model to various clusters of main-group elements. Many of these clusters contain Sn, as Sn NMR has proven [13-151 to be particularly valuable in the identification of solution species in solvents such as ethylenediamine (en). Although atomic electronegativities might be taken from either nonrelativistic [ 161 or relativistic [17] X a calculations, we have chosen instead to use atomic electronegativities taken from the empirical data of Table I . Specifically we have used the average of configuration IES given in the last column of the table. The use of empirical parameters implicitly incorporates relativistic effects into the model. For example, the recently reported [7] EA value of 0.365 eV for Pb is quite small compared to the values for Ge and Sn, reflecting the spin-orbit destabilization of the subshell which is unoccupied in Pb' but occupied in Pb-. As a consequence the electronegativity of Pb is less than that of Ge or Sn for atomic charges near -k(N = +k), although the customary ordering with x(Pb)>X(Sn) obtains for positive oxidation states such as +2.
In Table I1 we list the computed charges and p values for clusters Ge9-,Sn:-, Sn9-,Pb:-, and Pb9-,Ge:-, x = O + 9. Many of these clusters have been identified [13-151 in solution by NMR and have also been the subject of our semi-empirical Table I. REX LCAO-MO investigations [ 11. Crystal structures have been reported for several of these clusters, with the idealized molecular structures having [18, 191 C4 " symmetry (capped antiprism) for GeG-and SnG-, but having [19] D3d (tricapped trigonal prism) for the oxidized form Ge2-9. By contrast the clusters A9-,B:-all appear [13-151 to be fluxional in solution, as indicated by a single Sn chemical shift per cluster. The striking feature of the Ge9-,Sn:-results is that the charges and p are essentially independent of x, reflecting the near equivalence of x(Ge) and x(Sn) for N = +4/9, the average excess electron number in these clusters. In fact, the experimental uncertainty of kO.1 eV in each of the EA values for Ge and Sn in Table I does flat permit any significance to be attached to the small trends in charges for these clusters. By contrast the results in Table  I1 for the Sng-,Pb:-and Pb,-,Ge:-series show significant variations with x which are nearly linear, as shown in Figure 3 in terms of N ( x ) = -q for each element in the Sn-Pb clusters. The inequality x(Sn)>x(Pb) in this charge range is clearly indicated by the increasingly negative Sn charge upon Pb substitution.
In Tables I11 and IV -we list similarly computed charge and p values for numerous additional clusters, including the series Sn9-xBi:-4 and the ternary ciusters Sn8-,PbxTlq(q = -5, -3). Several clusters of the latter type have been reported [14, 151 both from NMR (q = -5 ) and x-ray crystallographic (Sn8T13-and Sn9T13-) data [20] . Results for Sns-,Pb,T15-parallel those for Sng-,Pb2-. We note from Table I11 that nearly equal Sn and Bi charges, although Sn is more positive than Bi in the Bi-rich clusters. Only Sn8Bi3-has been identified in en solution. Other clusters include Sn2Bi:-and SnTel-, where the latter species differs from all the others in that it is a coordination polyhedron like SiOb-.
Relationship to NMR Chemical Shifts
It is tempting to relate these results to the observed variations in the *19Sn chemical shifts [13] [14] [15] 211 . For the series Sn+,Ge;-there is asmall but nonlinear variation, with an extremum of +50 ppm for Sn,Geb-(Na+ salt in en) relative to Sn:-. The positive shift corresponds to a shift down field, indicating reduced shielding. The 6 values for Sn8Ge4-and SnGe:-are surprisingly close, namely +7.0 and -6.6ppm, respectively. The significant result is that the observed 6 values are essentially independent of x, a result compatible with our finding of essentially constant computed charges for this series. By contrast the Sn9-, Pb:-series shows [14] c mpatible with our finding of increasingly negative Sn charges as x incre for this series (Table I1 and Fig. 3) .
ses
Simple comparisons of S values with computed charges should not be taken too seriously, no matter how accurate the latter might be, even though reasonable correlations of chemical shift data with charges and/or electronegativities have often been made [22] . It is certainly possible that not only the diamagnetic contribution to the nuclear shielding, but also the paramagnetic contribution as related to the variation in the anisotropy in p-orbital occupancy, might vary in an essentially linear way with the effective charge on an atom in a molecule. Thus as the excess electron population on a Group IV atom increases from 0 in A" toward + l in A-' not only should the diamagnetic shielding increase but also the paramagnetic shielding should decrease, since the p -orbital anisotropy should be decreasing as the half-filled shell p 3 is approached. In a strong spin-orbit coupling limit this description would be changed, as the configuration p : / 2 p 3 / 2 is more anisotropic than the spherically symmetric configuration p:12. [25] , namely -1700 ppm (up field) relative to S~I ( C H~)~. The isoelectronic species SnTet-exhibits [14] a similar 6 value of -1828 ppm (Na' salt in en) which is -598 ppm relative to Sn:-. These shifts, as well as those in the Sn9-,Pb:-and related series, might very well contain an appreciable spin-orbit contribution.
A model [26] for the Il9Sn shielding in SnX4 in which the diamagnetic contribution was assumed constant and in which the paramagnetic contribution was taken from spin-rotation constants extracted from relaxation times gave a reasonably satisfactory shift for %I4 relative to SnCI4. Such an empirical analysis may indeed implicitly incorporate spin-orbit effects. In Figure 4 we summarize many of the observed Il9Sn6 values in a plot vs.
the Sn charge computed from electronegativity consideration. No simple overall relationship is either found or expected, although there is a rough linear correlation, as previously noted, for clusters of a given size and charge. Our conclusion is that the electronegativity equalization model appears to describe reasonably well the general features of the charge distributions in these clusters, and for this limited purpose is superior to noniterative molecular orbital methods which often yield exaggerated distributions.
